ABSTRACT In order to effectively improve the penetration of renewable energy resources, this paper proposes a PI control method by using planar clouds and presents an intelligent adjusting strategy for an interconnected power system which includes renewable energy generations. In this method, the deviation and its rate of change are taken as the front part of cloud generator while the consequent part is composed of the variation of PI parameters. And then, the clouds reasoning rules are made based on the uncertainty of statistical distribution and contribute to the design of the cloud controller. On the MATLAB platform, the proposed PI controller is compared with the traditional PI controller under different load disturbances. Simulation results show that planar clouds PI controller can meet the requirement of load frequency control, which is more robust and also shows better dynamic and static performance.
I. INTRODUCTION
Power system frequency is of great concern as an important index to assess the power quality. Therefore, load frequency control (LFC) is considered to be an essential process [1] , in which the active power of generator dynamically responds to the changes in load, and thus to makes the system realize stabilization and maintain tie-line power to its scheduled value. In modern industry, the LFC controller based on traditional PI algorithm [2] is widely used due to its convenience. However, the performance of dynamic characteristics and robustness needs to be improved. In order to obtain better solutions to the conventional LFC problem, many researchers have proposed methods by using advanced algorithm and control technology, such as Variable Structure Adaptive Algorithm [3] , [4] , Robust Control Algorithm [5] - [7] , Artificial Intelligence Algorithm [8] - [10] , Neural Network Control Algorithm [11] , [12] , Model Predictive Control Algorithm [13] , [14] . Through above-mentioned methods, the control effects are improved in some ways. However, the processing of uncertainties is insufficient and those control models are too complicated to complement in reality.
In recent years, the requirement of LFC becomes higher since more and more renewable energy generations are integrated into the power grid. The power outputs of these generations are uncertain and difficult to predict, in addition, the power fluctuations can make the imbalance of active power exacerbated. Regarding these LFC problems, not much research has been reported. In addition to the smoothing measures taken from the renewable energy side [15] - [17] , the existing technologies by means of predictive control and smart control mainly focus on the design and optimization of PI parameters. In [18] , considering the different penetration levels of wind power, a load-frequency decentralized prediction model based on predictive control method is proposed. Although the control effect is better than the conventional PI controller, the control quality relies heavily on the accuracy of the predictive model. In [19] , a modified LFC controller which based on the prediction of wind speed and active power is introduced, while it needs to be improved in uncertain errors caused by the common-cause variation of wind power. In [20] , the application of adaptive fuzzy logic control structure for interconnected power system containing wind generations is analyzed although it can effectively restrain the frequency vibration resulted from load disturbances and the change of wind speed. It doesn , t consider that the parameter would be uncertain when the stabilization condition changes, and the fuzzy algorithm is considered to have a limitation in handling uncertainties on account of using accurate membership function to describe a vague concept, losing sight of its own uncertainties. With the increasing scale and capacity of the renewable energy power plant, uncertainty in system increases. Just relying on predictive control would make it easy to bring frequency fluctuations in the system and add weight to the adjustment. Under such circumstance, the control effect of traditional LFC controller is not ideal and operational requirements can not be met. It would be hard to satisfy the ever-expanding scale of renewable energy generations. Therefore, the LFC controller design also needs further study.
Cloud model is a bidirectional cognitive model that is capable of realizing the transformation between qualitative concept and quantitative data [21] . It subtly combines probability statistics and fuzzy set theory to transform the accuracy of membership function into the uncertainty under probability distribution. Thus, cloud model can make it possible to stably control the objects involved uncertainties, as long as the control experience expressed by natural language is delivered to the rule-controller. The use of PI controller based on planar clouds model to ameliorate these problems which caused by the uncertainties (system structure, parameter, load disturbances) in interconnected power system involving renewable energy generation is addressed in this paper. According to this, robustness and dynamic-and-static performance are both improved and real-time optimization of LFC parameter is realized.
II. LFC CONTROLLER DESIGN BASED ON PLANAR CLOUDS MODEL

A. PLANAR CLOUDS MODEL CONCEPTS AND RULES
Fuzzy set theory was established by Zadeh using accurate membership degree function to express the uncertain concept, whereas, the uncertainty of concept and rules would disappear when membership degree is ''hardened'' described by accurate numbers. Li Deyi proposed cloud model based on probability statistics and fuzzy set theory, which doesn , t have definite boundary about uncertainties, and thus to compensate the insufficiency in solving uncertainty problems.
Definition 1: Suppose that X = (x 1 , x 2 ) is a quantity two-dimension domain expressed with accurate numbers, and T is a quality concept in X , for any quantitative array (x 1 , x 2 ) which can be mapped to the close interval [0, 1], there is a random constant µ(x 1 , x 2 ) to T as in (1)
If the domain elements are simple and orderly, X can be seen as a basic variable, and if they are not, for each X element, there is a one-to-one corresponding element in X which maps to it. And then X is regarded as the fundamental variable. On this basis, membership degree µ(x 1 , x 2 ) take shape in a cloud without definite boundary, as shown in Fig. 1 , rather than a clear curve. The composition drop(x i , y i , µ i ) data arrays are called planar clouds drops and each of them is a random realization of quality concept in quantity. In the cloud model, Ex, En and He are utilized to reflect the quantitative characteristics of qualitative concept. Ex is the expectation of planar clouds drops , distribution and the point that can best represent the qualitative concept corresponding to the gravity center of the planar clouds. En is the uncertainty measurement of the qualitative concept which integrates the randomness and fuzziness of the concept. Generally, the larger En is, the higher abstraction the concept is, and the distribution range of the cloud drops would be further expanded, and vice versa. He is a measurement with the uncertainty of entropy En, namely the entropy of the entropy, which is determined by the randomness and fuzziness of En and reflects the thickness and discrete degree of the cloud.
Cloud generator (CG) is the most important part of cloud modeling, which can implement the transformation between qualitative concept and quantitative data. This paper adopts a planar clouds generator (PCG) including two-dimension X condition CG, one-dimension Y condition CG and two-dimension backward CG. The algorithm of PCG on condition of X is shown as follows [22] ( 
In this formula, Ex, En and He are the parameters of consequent part of the cloud model, µ i is the output of planar X condition CG and stimulate Y condition CG to export a group of non-unique single cloud drops with specific statistical regularity.
As for planar backward CG, it is always used to control the controlled object and obtain a certain output value. Planar backward cloud model calculation formula [22] 
Where drop(x i , µ i ) is a group of cloud drops, mean() is the mean function, stdev() is the standard deviation function and sqrt() function is the open square function.
Through above-mentioned, a well-regulated planar CG is produced by using planar X condition CG as front part and one-dimensional Y condition CG as consequent CG, the control process of which that utilize engineering experience can be qualitatively described in (10) .
Where R i represents rule i, A i and B i are qualitative concept of this rule in two-dimensional domain of antecedent regulation generator, C i is the qualitative concept of corresponding part of consequent regulation generator. If (Ex Ai , En Ai , He Ai ) and (Ex Bi , En Bi , He Bi ) represent the cloud model of qualitative concept A i and B i in the antecedent regulation generator, (Ex Ci , En Ci , He Ci ) is the corresponding cloud model of qualitative concept C i in consequent regulation generator. Therefore, the reasoning with the control structure of (10) is called single-rule reasoning of planar clouds, and planar clouds multi-rule reasoning in Fig. 2 is created by several ones.The front part is planar X condition CG, the middle part is one-dimensional Y condition CG and consequent part is planar backward CG.
B. LFC CONTROLLER BASED ON CLOUD MODEL
Proposed planar clouds PI control is implemented on the basis of conventional LFC control method by changing PI controller, from classical PI controller to planar clouds PI controller. Wherein, deviation e and its rate of change ec are taken as the front part of PCG (planar X condition CG), and the variation of PI parameters, P and I are set as the tail of PCG (one-dimension Y condition CG). Thus, a two-input, two-output cloud PI controller for LFC is constituted. First, as the input, deviation e and its rate of change ec excites each pre-generator to randomly carry out two groups of membership degree miu according to the three characteristics (Ex, En, He). Following that, µ ij stimulates the generation of two sets of drop(P, µ ij ) and drop(I , µ ij ) by the subsequent generator CGP and CGI, respectively. Finally, we can get P and I , the digital features of the cloud model, Step 1: Design classical PI control algorithm and select initial parameters. Debug established LFC model in terms of different PI parameters and choose those parameters VOLUME 6, 2018 which have good dynamic-and-static performance in various conditions.
Step 2: Sample data normalization collect deviation e of last moment and calculate ec through deviation of adjacent time. Process (e, ec) and ( P and I ) with normalization that deviation e ∈ E = [−1, 1], ec ∈ EC = [−1, 1] and set value
Step 3: Implement adaptive cloud algorithm by programming mentioned mapping rules and output P and I . Control rules are established on the foundation of natural language which can be simplistically represented by fuzzy sets, that is negative big (NB), negative middle (NM), negative small (NS), zero (Z), possible small (PS), positive middle (PM) and positive big (PB). The distributions of them in their own domain are displayed in Fig. 5 and we can use three digital features to describe these seven fuzzy sets. Input above parameters to the established planar clouds multi-rule controller which is composed by planar X condition generator and one-dimension Y generator.In this way, a regular result can be obtained by mapping to the normative domain according to the rules when e and ec are certain.
In terms of mentioned equidistribution principle, rule base of planar clouds has 7 × 7 = 49 rules and can be concluded as follows,
The P cloud and I cloud rules tables are formulated as shown in Tab. 1 and Tab. 2 below. For instance, the rule in table 1 that e is PM (positive middle), ec is NS (negative small), and corresponding P is NS (negative small), can be expressed as ''if e = PM and ec = 4NS, then P = NS''. The rest can be analogized.
Step 4: Update PI parameters in real time by overlaying initial PI parameters and deviation P, I which can be gotten by inverse normalization. Finally, the signals is output to control the active power of generations increasing or decreasing, thus to realize the balance of demand and supply in the system, as well as a steady frequency.
III. MODELING AND SIMULATION OF LFC PLANAR CLOUDS WITH RENEWABLE ENERGY AREA
In order to further study and analyze the frequency characteristics of multi-area interconnected power system with the increase of demand of renewable energy sources, and design a cloud-based LFC controller, a model of multi-area power system containing renewable energy generation should be firstly constructed. The traditional energy system is set up based on small perturbation linearization model and renewable energy is introduced as ''negative'' loads [23] . This paper establishes two typical models of photovoltaic generation and wind power generation, and cloud-based LFC controller based on that is designed.
A. RENEWABLE ENERGY POWER MODEL
The real-time output model of PV power plants is as shown below [24] 
where P b is the real-time output of PV (kW), P sn is the rated power of PV, S is the real-time solar radiation intensity, and S std normally set as 1000W /m 2 . S std is the value of the optical radiation at which the rated power of the photovoltaic power generation is attained. S c is set as 150W /m 2 . Following that, simulation result of PV output power in 24 hours is displayed in Fig. 6 . The wind output power model is shown below [25] 
where, k 0 , k 1 , k 2 are related parameters on the characteristic curve of generator power, v i , v r , v o , P r are cut-in wind speed, the rated wind speed, the cut-out wind speed and the rated power. Simulation result of wind output power in 24 hours is displayed in Fig. 7 . 
B. LFC SYSTEM WITH RENEWABLE ENERGY MODEL
A simplified model of load frequency control system of typical area 1 is shown in Fig. 8 . In which, P tiei is the contact line exchange power of the area, B i represents the frequency response coefficient of the area, f i is the frequency deviation of the area, δ i is the deviation of rotation angle, K ij represents the interconnection constant between areas, and P di is the load disturbance. Area control error (ACE) can be defined as
f i and P tiei can be controlled by u i which is carried out by control algorithm with the ACE as input. This paper takes a two area interconnected thermal power system as an example [26] , as shown in Fig. 9 , where renewable energy is introduced as ''negative'' load disturbance.
In Fig. 9 , T s1 and T s2 are the inertia time constants of governor in area 1 and 2, T t1 and T t2 are reheat time constants of area 1 and 2, D 1 and D 2 are unitary values of load damping coefficient of area 1 and 2, M 1 , M 2 is unit per unit inertia constant of area 1 and 2; R 1 and R 2 are governor adjustment constants of area 1 and 2; B 1 and B 2 are area frequency deviation coefficients of area 1 and 2; ACE1 and ACE2 are area 1, 2 area control deviation. f 1 and f 2 are the frequency deviations of the areas 1 and 2; P L1 and P L2 are the load disturbances of the areas 1 and 2; X e1 and X e2 are the changes of the control valve positions of the areas 1 and 2.
Conventional controllers often use proportional-integral controllers whose output is given by
where, K P is proportional gain, K I is integral gain.
IV. SIMULATION VERIFICATION
To verify the control quality of planar clouds PI controller, a simulation based on the load frequency model of a typical two-area interconnected power system is carried out. Planar clouds PI controller and two-area interconnected power system model are built on the Matlab/Simulink simulation platform. The capacity of the area system is 800 MW, in which the capacity connected to the grid of PV power and wind power are both designed to be 80 MW. The equivalent lumped parameters of the two areas are shown in Tab. 3. Considering the characteristics of system load variation and the uncertainty of renewable energy sources, five typical operating conditions, including random load disturbance, step load disturbance and interventional disturbance of renewable energy sources (photovoltaic, wind power and PV-wind power) are applied in simulation to better reflect load frequency characteristics. In addition, a comparison between planar clouds PI controller and the conventional PI controller is analyzed, with 80 seconds simulation time.
A. SIMULATION ANALYSIS OF LFC RESPONSE UNDER RANDOM LOAD DISTURBANCE
A standard range of white noise in ±0.01pu is taken as a random load disturbance in area 1. Simulation results of frequency deviation, ACE and power deviation of tie-line between conventional PI controller and planar clouds PI controller are shown in Fig. 10-Fig. 14 . In area 1, using different controllers, the simulation results of frequency and control deviation are illustrated in Fig. 10 and Fig. 12 . So does area 2, as shown in Fig. 11 and Fig. 13 . Furthermore, simulation of tie-line power deviation can be seen in Fig. 14. From Fig. 10-Fig. 13 , the frequency deviation of the planar clouds controller in ±0.01Hz is 18.377s with the 80s simulation time while that of conventional PI controller is 41.6479s, the frequency deviation of the planar clouds controller in ±0.015Hz is 1.0986s meanwhile the conventional PI controller is 15.4806s. The maximum frequency deviation of planar clouds controller is 0.0115Hz, and the conventional PI controller is 0.0184Hz. According to above simulation results, it is obvious that responding to random disturbance, planar clouds PI controller showed excellent in the dynamic response performance and more effective suppression of disturbance than the conventional PI controller.
B. LFC RESPONSE ANALYSIS UNDER STEP DISTURBANCE
Step response is the most common type of response when analyzing system performance, because it can reflect the dynamic performance of the system. We simulated the LFC response of the system when it suddenly suffered a load disturbance,assuming a sudden change P L1 = 0.01pu in system load in the 5th second. The planar clouds PI controller, fuzzy PI controller and conventional PI controller are compared together to better illustrate the effectiveness of planar clouds PI controller. Frequency deviation,ACE and tie-line power deviation are shown in Fig. 15-Fig. 19 . It can be seen that under the action of three types of load frequency controllers, the power of two areas are exchanged through the tie-line and the final ACE and frequency deviation reach to zero. Fig. 15 and Fig. 17 are the simulation results of frequency and control deviation of area 1 which uses different controllers, Fig. 16 and Fig. 18 are the simulation data of area 2, Fig. 19 is the tie-line power deviation of two areas. As shown in Fig. 15-Fig. 18 , frequency and control deviation of area 1 and 2 adopting planar clouds controller tend to stabilize after 3-5 times oscillation. However, with the conventional PI controller, frequency and control deviation of area 2 converge only after 5 times oscillation, and area 1 cannot even converge during the whole simulation period.
Although the fuzzy PI controller shows better control effect than the traditional PI controller does, its vibration amplitude is larger and the number of oscillations is more than that of the planar clouds PI controller. The power deviation of tie-line in two areas also shows similar characteristics in Fig. 19 .
C. LFC RESPONSE ANALYSIS WITH RENEWABLE ENERGY INTERVENTION
Photovoltaic and wind power were selected as two typical renewable energy sources to simulate. PV capacity is taken to be 10% of the system capacity, and PV power curve within 24 hours is shown in Fig. 6 . The rate of change in photovoltaic power is slow and the variation change is not large. Therefore, 24-hour actual data of photovoltaic output power was collected, including maximum and minimum values in one day, to cover the extreme data, and we shorten the 24h curve to 24s curve in which PV is introduced from 0s to 24s. From Fig. 20-Fig. 22 , the comparison between conventional PI controller and planar clouds PI controller in frequency and tie-line power deviation can be analyzed. Fig. 20 shows the frequency deviation of area 1 in which different controllers are used, and that of area 2 is shown in Fig. 21 . Fig. 22 is the simulation of tie line power deviation between the two areas. In the simulation time of 80s, it is illustrated in Fig. 20 and Fig. 21 , that the frequency deviation of planar clouds controller in ±0.01Hz is 74.71s, while that of conventional PI controller is 67.08s. In addition, VOLUME 6, 2018 the maximum frequency deviation of planar clouds controller is 0.012Hz, while the conventional PI controller is 0.0164Hz. Therefore, compared with conventional PI controller, planar clouds model controller has better dynamic response characteristics and can better meet the requirement of system load frequency under photovoltaic intervention.
In the same way, the generating capacity of wind power takes up 10% of the system capacity, and the simulation time is 50s. As shown in Fig. 7 , the wind power curve of 24 hours is epitomized to 50s and the wind power is introduced into the area 1 in the period of 0-50s. Following that, frequency deviation, control deviation and tie-line power deviation of conventional and planar clouds PI controller is compared one by one, as in Fig. 23-Fig. 25 .
The frequency deviation of area 1 is displayed in Fig. 23 , in which different controllers are used, and that of area 2 is in Fig. 24. Fig. 25 shows the simulation results of the tie-line power deviation between two areas. By contrast, the Fig. 23 and Fig. 24 , the maximum frequency deviation of planar clouds controller is 0.011Hz, in the simulation time of 50s, while it is 0.02Hz in the conventional PI control. The planar PI controller can effectively reduce the vibration amplitude and has good following characteristics with quick response speed; on the contrary, the frequency deviation of conventional one has been greatly fluctuating.
In addition, PV output power and wind output power are introduced as disturbance at the same time, and simulation time is 50s. The curve of Photovoltaic power and wind power within 24 hours is shown in Fig. 6-Fig. 7 , and the power of them are overlaid as the equivalent output power which also correspond to the miniature within 50s. In the period of 0-50s, the overlaid output power is introduced as the disturbance in area 1. And the comparison is made between planar clouds PI controller and conventional one in frequency deviation, ACE and tie-line power deviation, as in Fig. 26-Fig. 28 .
The frequency deviation of area 2, using different controllers, is illustrated in Fig. 26 , and that of area 2 is in Fig. 27 . Fig. 28 shows the simulation results of the tie-line power deviation between two areas. From Fig. 26 and Fig. 27 , it can be seen that in the simulation time of 50s, the frequency deviation of planar clouds controller can be stabilized quickly at 30s, oscillation amplitude is small and the maximum value of frequency deviation is 0.012Hz. As for the conventional PI controller, the maximum value of frequency deviation is 0.016Hz, and there have been frequency fluctuations. Through above, Cloud PI controller shows a better dynamic quality, with small overshoot and few oscillations.
D. ANALYSIS AND SUMMARY OF SIMULATION RESULTS
Considering that the load frequency control process is completed within a certain period of time and the loads in two areas always fluctuate randomly, an integral square error ISE evaluation index is used to effectively assess the overall performance of the load frequency controller [27] . The formula of integral square error ISE in two areas:
where, ACE is Area control error. In this paper, ISE is applied to compare five different types of load disturbances and comparison data is in Tab. 4.
As shown from Tab. 4, planar clouds controller shows good dynamic response performance, excellent robustness and more effective suppression of load disturbances than conventional PI controller, irrespective of random disturbance inputs or step disturbances or renewable energy access disturbances.
V. CONCLUSION
Subject to the constraints of resources and environment, the scale of renewable energy intervention in the power grid is increasing. This paper presents a load control method based on the planar clouds for interconnected grid considering that the uncertainties of large renewable energy generations have adverse effect on the grid. Based on the conventional PI controller, this method uses planar clouds model algorithm to design Load Frequency planar-cloud PI controller which can adaptively adjust the parameters of the PI controller according to the conditions, so as to effectively overcome the adverse effect of the system quality. The simulation results show that the planar-cloud PI controller provides better dynamic performance and more robustness than the conventional PI controller in the presence of random load disturbance, step load disturbance and disturbance caused by the injection of renewable energy sources into the grid. As a result, the cloud PI controller is proposed, as an exploration of new ways and new methods LFC control. It is effective, feasible and can meet the performance requirements of the LFC in the interconnected power systems. Moreover, cloud PI controller can effectively eliminate the uncertainties caused by the integration of renewable energy sources, and thus increase the penetration rate of the renewable energy sources.
